Vehicles (PHEVs) will put new challenges regarding the power systems operation. The MicroGrid (MG) concept can be exploited to support the progressive integration of PHEVs into the Low Voltage (LV) networks by developing smart charging strategies to manage the PHEVs batteries charging procedures in order to avoid reinforcements in the grid infrastructures. Assuming that a number of PHEVs owners allow managing the batteries charging when their cars are parked, this paper proposes an approach that aims to find suitable individual active power set-points corresponding to the hourly charging rate of each PHEV battery connected to the LV grid. The Evolutionary Particle Swarm Optimization (EPSO) tool is used to find these active power set points. This requires an additional software module to be housed in the MV/LV secondary substation level, called Optimal Power Set-points Calculator (OPSC).
I. INTRODUCTION
lug-in Hybrid Electric Vehicles (PHEVs), which get their required energy from electricity and petroleum, seems to be a competitive technology with current conventional Internal Combustion Engine (ICE) based vehicles. In fact PHEVs have been promoted by politicians to reduce oil dependency, but characteristics like lower driving cost and low greenhouse gas emissions have become them increasingly popular [1] , [2] .
Since PHEVs will partly get their required energy from the power grid, they are considered as a new type of load with considerable charging requirements and therefore the technical impacts of progressive integration of PHEVs in system operation have to be evaluated based on planned scenarios, especially for distribution networks [3] , [4] . In addition, it should be taken into account further scenarios characterized by increasing penetration levels of renewable power sources with intermittent nature, such as wind and photovoltaic generation, and also microgeneration systems connected to Low Voltage (LV) distribution grids.
The replacement of ICE based vehicles by PHEVs will also require specific local charging infrastructures. Several solutions may arise to fit different needs of PHEVs owners, namely charging stations dedicated to fleets of PHEVs, fast charging stations, battery swapping stations and domestic or public individual charging points for slower charging [5] . However, in this paper only slow charging at home and in public charging points located in residential areas and connected to the distribution LV networks is considered.
Regarding the batteries slow charging procedure, the PHEVs can be considered as simple loads when their owners simply define that batteries must be charged with a fixed rate, which corresponds to a dumb charging or as dynamic loads, if their owners define a time interval for the charging to take place, allowing some EV management structure to control the charging rate under a smart charging framework. From the grid point of view, the second approach yields more benefits since the EV management structure will control the charging process by reducing/increasing the charging rate according to the system operating conditions [5] - [7] , so that charging can be distributed during valley hour periods and at times when there is large renewable power generation.
The implementation of a smart management system where the PHEVs are supposed to be connected to active LV networks with microgeneration units, involves dealing with the MicroGrid (MG) concept [8] . Thus, single phase electrical batteries belonging to EV are included on the MG through a smart power electronic interface with a specific control approach called the Vehicle Controller (VC) [9] . In charging mode, the VC will receive active power set-points from a MicroGrid Central Controller (MGCC), housed at the MV/LV secondary substation level, to charge the PHEV batteries, taking into account the LV network operating conditions. Thus, in this work, an additional software module to be housed at the MGCC is proposed to manage the EV battery charging, the Optimal Power Set-points Calculator (OPSC). Based on several variables like the batteries technology, the PHEVs owners' behavior, the mobility patterns, the places where cars are parked and the time period that they are connected to the network, the OPSC is responsible to perform an optimization procedure to determine the best hourly active power set points, corresponding to the individual charging rate of the PHEV batteries connected to the considered LV distribution grid, taking into account the corresponding load diagram and the local generation availability.
This problem has combinatorial characteristics due to the possibilities of having different and discrete active power setpoints. So, the Evolutionary Particle Swarm Optimization (EPSO) [9] tool was used for that purpose.
II. THE MG ARCHITECTURE WITH PHEVS
A MG is a LV distribution system with several comprising small modular generation units connected to the LV network through power electronic interfaces, electrical loads, storage devices and a hierarchical control and management system supported by a suitable communication infrastructure, such that the MG can be operated either in islanded mode or connected to the MV system [8] , [10] . The MG is centrally controlled and managed by the MGCC installed at the MV/LV secondary substation, which is responsible to head the MG hierarchical control system. For this purpose the MGCC includes several key functions that support adequate technical and economical management policies and allow providing set points to the second control level comprising Microsource Controllers (MC) and Load Controllers (LC), in order to control locally the controllable microgeneration units and the responsive loads, respectively.
Regarding the MG concept, the single-phase electrical batteries belonging to the PHEV have been included through a smart power electronic interface with a specific control approach, called the Vehicle Controller (VC) [6] . Thus, the MG architecture with PHEV connected to it is represented in Figure 1 . In order to assure a smart management of battery charging of PHEVs, a new feature was included on MGCC. The OPSC is then responsible to calculate the rated charging power of each PHEV battery to be sent from the MGCC to the corresponding VC. For this purpose, when each PHEV is plugged in, the corresponding VC sends to the MGCC the following information: a) the battery capacity and technology, b) the battery initial state of charge, c) the expected PHEV parking duration and d) the battery desired final state of charge. Based on this information and considering the forecasted local and daily load diagram as well as the forecasted local daily production from microgeneration systems, the OPSC performs an EPSO-based optimization procedure in order to find the best hourly battery charging rates for the 24 hours.
III. THE OPSC OPTIMIZATION PROBLEM
For a given LV distribution network, beyond the data sent by VC to the MGCC, described in the previous section, the initial data of the OPSC optimization problem includes also the area mobility pattern given by the expected number of PHEVs that will plug-in in each hour according to the human behavior of the corresponding area. The solution of the hourly active power set points corresponding to the individual charging rates of PHEVs can be obtained by solving an optimization problem that involves the minimization of the variance of the active power flow through the MV/LV substation considering the additional consumption of the PHEV batteries. This has been first introduced in [4] and was adopted in this work aiming to improve the system operating conditions through the PHEV additional load transfer from the peak hours to the valley hours and to the periods corresponding to high local generation levels.
Mathematically, the problem can be formulated as:
where P h is hourly injected active power considering the PHEVs consumption and μ is the average value of active power after adding PHEVs consumption, which are derived as in equation (2) and (3), respectively.
In equation (2), , and are the PHEVs active power, the base regular load diagram and the microgeneration levels during 24 hours of a typical day.
However, the objective function given by equation (1) is subjected to the following technical constraints:
Indicators i and j shows the order of each bus bars and the order of each PHEV, respectively, being n the number of buses and p the number of plugged-in PHEVs. V i shows the voltage in each bus bar and V min and V max represent, respectively, its minimum and maximum values (0.9 and 1.1 p.u). Moreover, LFSOC, HFSOC and OFSOC shows the lowest desired, highest desired and optimal state of charge of the battery while the first and second are input values stated by the car driver and the last value is the output of the optimization problem. Finally, I k and I k max are the current in line k and the corresponding maximum limit, respectively, being l the number of lines in the network.
IV. USING EPSO TO IMPLEMENT THE OPSC
EPSO was adopted to find good solutions for the optimization problem described in section III. This approach is a powerful optimization methaeuristic particularly well suited to deal with combinatorial problems with a large number of possible solutions, like this one, where discrete variables are used [9] . However, the adoption of this procedure demands the following main stages:
• A suitable codification of each potential solution -the definition of the particle object parameters; • The definition of a suitable fitness function in order to represent the quality of each solution, expressed in terms of the load curve variance according to equation (1); • The use of the EPSO procedure.
A. Particle definition
EPSO is a population based optimization algorithm. At a given generation, the set of potential solutions for the problem to be solved is called a set of particles or swarm. Each particle comprises two sets of parameters, the strategy parameters and the object parameters, corresponding respectively to the weights that govern the movement rule and to the particle position into the search space. Since EPSO is a self adaptive method, benefiting from the evolutionary process to progressively adapt the parameters that guide its own search, the particle definition involves only the specification of the object parameters [9] .
Under the framework of the OPSC optimization problem to be solved, the potential solutions involve the active power set points for each PHEV at each hour, corresponding to hourly charging rates for each battery, as stated before. Therefore, the size of set of object parameters is , where p is the number of PHEVs. Figure 4 shows the structure of the object parameters of the particle. 
B. Evaluation function
The problem of minimizing the objective function described by equation (1), when subjected to the constrains identified, can be treated in terms of fitness function as
The term P represents the particle penalty when the required state of charge of the batteries is not achieved and is determined as: where (9) (10)
The index j accounts for the PHEV number and BC is the battery capacity.
The technical constrains regarding both bus voltage profile and thermal limits of branches are only considered in the next stage.
C. The EPSO based optimization procedure
The approach starts with the search space definition through the specification of both the minimum and maximum values of each object parameter of the particle. For this purpose, it was assumed that the minimum values of the active power set-points are set to zero, meaning that although the PHEVs are plugged-in their batteries are not in charging mode. Regarding the maximum values of the active power setpoints, it was assumed that they correspond to the maximum charging rate of the PHEV batteries, meaning that when no technical constrains arise concerning the grid operation the PHEVs batteries will charge according its nominal charging rate.
After defining the search space, it is expected that the EPSO algorithm will find the best solution or, at least, a good solution in the sense of the fitness function. For this purpose, the usual EPSO operators (replication, mutation and selection) are used and the following sequence of steps has to be carried out for each particle in the swarm [9] :
1. Perform replication; 2. Perform mutation of the particle strategy parameters; 3. Perform recombination according to the movement rule; 4. Perform the evaluation function; 5. Perform selection. In this work it was used an EPSO algorithm with 20 particles in the swarm, replication factor r=1 (each parent gives birth to one descendant) and Gaussian mutation with learning rate =0,5. The stopping criterion is the maximum number of iterations, which was assumed to be 1500. These parameter values were adopted based on the experience in using EPSO to deal with this problem.
After performing the EPSO algorithm, the best particle to be found, which corresponds to the lowest value of the fitness function, should respect the technical constrains regarding the voltage profile of each bus and the thermal limits of LV branches, according to equations (4) and (6), respectively. Thus, in order to check these technical constrains, an unbalanced three-phase load flow tool [11] was used. In case of these constrains are not verified, due to branches congestion problems or bus voltage profiles too low, the upper limits of the search space are decreased and the EPSO algorithm will be ran again.
The approach algorithm is shown graphically by means of the flow chart depicted in Figure 5 . In order to assess the performance o described above, the 24-bus bar LV dist presented in Figure 6 was used. It correspon rural, 400 V grid, fed by a 50 kVA upstream is a fairly weak residential network, comprisi phase loads. However a few three-phase connected to this network. In this test system that there are microgeneration systems, Photovoltaic (PV).
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Fig. 6 The 24-bus bar LV dis
In order to perform a 24 hour sim load diagram was used, as depicted i to a typical summer day. The installed capacities of both micro wind and PV systems were determined based on the following assumptions:
1. The total installed capacity of the LV network is less than a quarter of the upstream transformer rating (in this case less than 12,5 kW); 2. For each load bus, the installed capacity of maicrogeneration systems is one half of the corresponding contracted power, being always less than 3 kW; 3. The share of the installed capacity is 80% for PV systems and 20% for micro wind systems.
In order to fully describe the adopted test system, it is necessary to determine the number of PHEVs, which is usually estimated as a percentage of the total number of cars in the area. For this purpose, it was assumed that the LV network presented in figure 6 provides electricity for 50 people and in average each 3 people have 2 cars in that area. Based on these assumptions and using the methodology presented in [4] , it was estimated that 16% of the ICE-based cars will convert to PHEVs, meaning that 8 PHEVs will plug-in in this LV network. However, this is a future scenario corresponding to the year 2022. Therefore, the base load diagram presented in figure 7 was updated in order to include the yearly rate of load increase. For this purpose it was assumed a 0.5% of yearly load increasing.
The PHEVs are connected to the several bus bars and in different phases as described in Table I . Since the base load connected to bus 12 and bus 13 is a three-phase load it was assumed a three-phase connection regarding PHEV 7 and PHEV 8. This PHEV distribution follows a connection strategy corresponding to the best case scenario from the grid operation perspective. This is due to the fact that the PHEVs are connected to the bus bars nearest the upstream transformer, meaning that better voltage profiles are expected as well as lower levels of branches congestions. The worst case scenario corresponds to a situation where the PHEVs are connected to bus bars located farthest from the transformer. However, this case scenario was not investigated in this study.
VI. SIMULATION RESULTS AND DISCUSSIONS
The developed approach has been tested using the test system presented in section V, considering the PHEVs specifications presented in Table II .
The considered PHEV fleet includes cars with different rated power according to the battery capacity [12] , intended to face different owners needs in terms of driving ranges. The average charging time of each PHEV was assumed to be 4 hours at their rated power. Regarding the starting time specified in Table II , it was assumed that PHEVs owners plugin their cars when they arrive from the last journey, using domestic charging points. This mobility pattern is based on the results presented in [13] for Portugal. As stated in section II, when the PHEVs are connected to charge their batteries, the car driver provides information about the parking duration in order to allow the management of the battery charging according to the specified final state of charge and taking into account the initial state of charge. So, this data is also included in Table II .
In order to demonstrate the performance of OPSC approach, four case studies were planned, as summarized in table III, aiming to compare the effects on the system operation resulting from using the OPSC based smart charging strategy and a dumb charging strategy. These effects were also compared considering the LV network with microgeneration and without microgeneration. It should be noted that when a dumb charging approach is used PHEVs owners are completely free to connect and charge their vehicles after parking without any kind of charging control. The charging starts automatically when PHEVs plugin and lasts for the next four hours with the charging rate specified in Table II .
A. Dumb charging results without micro generation
Since all the PHEV owners charge their vehicles when they arrive home from the last journey of the day, this procedure provokes an increase in load consumption that lasts for four hours, as it can be observed from figure 9 .
Moreover, the high consumption of PHEVs happens at peak hours (in the evening) leading with a considerable increase in the total peak power. The additional load of PHEVs, in this week rural LV network, brings some grid operation problems, such as branches congestions and large voltage drops. Problems of convergence were verified when performing the 24-hour load flow analysis during the peak hours. This fact stresses the need of either to reinforce the grid infrastructures or to adopt a smart charging strategy in order to transfer the PHEVs load from the peak hours to the valley hours. 
B. Dumb charging results with micro generation
Considering the availability of microgeneration systems, both wind and PV, with the corresponding generation profiles presented in figure 8 , the resulting LV grid load diagram is presented in figure 10 . As it can be observed from figure 10, the local generation provided by both micro wind and PV systems does not affect significantly the load diagram during the peak hours and a similar peak power increasing was verified when comparing figure 10 with figure 9 .
During the period corresponding to the PV systems generation, as the PHEV consumption is zero, the LV network is exporting power to the upstream MV network. So, it will be interesting to move the additional PHEV load from the peak hours to this period, if PHEVs are parked, exploiting the OPSC based smart charging strategy.
C. Smart charging without micro generation
The OPSC based smart charging strategy was applied to find suitable active power set-points in order to manage the charging process of the PHEV batteries, according to both the parking duration and minimum final state of charge, which are specified in Table II , trying to minimize the negative impacts regarding the network operating conditions. For this purpose, the search space was defined, as already mentioned previously, being the lower limits set to zero and the upper limits set to the charging rates of each PHEV battery described in table III. It should be noted that the set of the particle object parameters comprises 192 active power set-points and the required computation time was around 200 seconds.
Considering the LV test system without microgeneration and after performing the EPSO-based OPSC approach, the obtained hourly active power set-points corresponding to the battery charging rates are presented in the figure 11. As it can be observed from figure 11, all the PHEVs charge their batteries with an hourly variable charging rate. However, the minimum state of charge specified by the PHEVs owners was achieved for all the cars without grid operation problems.
Regarding PHEVs number 1 and 2, although they are parked between 17h00 and 23h00, they are almost charged before 20h00 in order to avoid additional load during the peak hours. In case of PHEV 3 the battery load is partially transferred to the valley hours. On the other hand, as the remaining PHEVs are parked during the night, their batteries are fully charged during the valley hours. It should also be noted that the batteries of PHEVs number 5 and 6 are charged latter than these ones of PHEVs 7 and 8. This is due to the fact that, in the last case, the charging duration was extended. However, although these two PHEVs can be charged freely during 24 hours, the preferred period relies on the valley hours.
As a result of the application of the OPSC based smart charging strategy, the LV network daily load diagram was modified, as it can be observed in figure 12. When compared with the load diagram presented in figure 9 , which corresponds to the dumb charging strategy, the load curve is flatter because an amount of the additional PHEV load was shifted from the peak hours to the valley hours.
D. Smart charging with micro generation
In this case study it was considered the presence of microgeneration systems, both micro wind and PV systems, in the test system LV network. The proposed OPSC based smart charging approach was then applied considering the specifications presented in Table II and the same conditions of case study C, regarding the search space definition and the particle size (the set of object parameters). The required computation time was around 200 seconds. The obtained hourly active power set points that define the battery charging rates are presented in figure 13 .
When compared with the results of case study C, in particular these ones presented in figure 11 , the battery load corresponding to PHEVs number 7 and 8 was transferred to the period when PV systems are generating active power, being the peak of generation during noon hours, as it can be observed from figure 8. Following the PHEVs battery charging management based on the individual charging rates presented in figure 13 , the LV network daily load diagram was modified, as it can be observed from figure 14. 
VII. CONCLUSIONS
Large deployment of PHEVs will impose new challenges to power systems operation, in particular, to LV distribution networks, requiring thus the development of adequate technical management structures to deal with smart charging schemes in order to reduce the negative impacts of PHEVs integration trying to avoid reinforcements in the grid infrastructures. In this context, an OPSC based smart charging strategy was proposed in order to deal with PHEVs battery management in LV networks, being this software module housed in the MGCC.
The performance of the proposed approach was evaluated considering a typical LV distribution network integrating simultaneously microgeneration systems (wind and PV) and PHEVs. The results obtained allow concluding about the effectiveness and robustness of the developed approach to find hourly active power set points to charge each PHEV battery when PHEVs are parked. This charging scheme allows operating the LV networks in less stressed conditions.
Further developments include the enhancement and adaptation of the OPSC based smart charging approach to deal with this problem in real time applications. 
